Single-and multiple-nanopore membranes are both highly interesting for biosensing and separation processes, as well as their ability to mimic biological membranes. The density of pores, their shape, and their surface chemistry are the key factors that determine membrane transport and separation capabilities. Here, we report silicon nitride (SiN) membranes with fully controlled porosity, pore geometry, and pore surface chemistry. An ultrathin freestanding SiN platform is described with conical or doubleconical nanopores of diameters as small as several nanometers, prepared by the track-etching technique. This technique allows the membrane porosity to be tuned from one to billions of pores per square centimeter. We demonstrate the separation capabilities of these membranes by discrimination of dye and protein molecules based on their charge and size. This separation process is based on an electrostatic mechanism and operates in physiological electrolyte conditions. As we have also shown, the separation capabilities can be tuned by chemically modifying the pore walls. Compared with typical membranes with cylindrical pores, the conical and double-conical pores reported here allow for higher fluxes, a critical advantage in separation applications. In addition, the conical pore shape results in a shorter effective length, which gives advantages for single biomolecule detection applications such as nanopore-based DNA analysis.
M
embrane technologies lie at the heart of many industrial and academic applications (1) (2) (3) (4) (5) . High porosity membranes with application-dependent pore sizes are used in desalination, separation of molecules or particles, and other industrial processes. In the search for new membrane systems, emphasis is put on narrowing the pore size distribution, improving the chemical and mechanical robustness of the membranes, and obtaining high fluxes with low energy input (6) . Membranes with single nanopores are also of great interest as a biosensing platform for detecting and characterization of single biomolecules such as DNA (7) (8) (9) .
There have been many reports on preparation of membranes with well-defined pore geometry in polymer and inorganic materials (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . There have also been studies on thin membrane platforms containing free standing polymer membranes (17) (18) (19) , inverse opals (20) as well as protein (21) , and block copolymer membranes (22) (23) (24) . To provide improved membrane robustness, allow miniaturization, as well as the possibility to integrate with other ionic and electronic devices, silicon-based platforms are the perfect choice.
Current techniques for producing silicon membranes with well-defined pores allow preparation of samples with extreme porosities, either highly porous or a single pore, but nothing in between. Highly porous ultrathin silicon membranes can be obtained by thermally annealing thin silicon films, which results in spontaneous pore formation (25, 26) . The pore diameter can be controlled with high precision by choosing appropriate annealing conditions. This method does not allow control over the number of pores. Pores can also be fabricated one by one using ion beam sculpting (27) , focused ion beam drilling (28) , e-beam lithography (29) , or e-beam drilling in a transmission electron microscope (TEM) (30) . Although these serial approaches can be applied to various silicon and even polymer materials, they are suitable only for preparation of membranes with low numbers of pores. None of the above techniques give the possibility of tuning the geometry of the pores.
Here, we report a very versatile fabrication method for ultrathin, free standing silicon nitride (SiN) membranes containing conical and double-conical pores prepared by the ion track-etching (ITE) technique (31) , together with a study of their transport properties. The ITE technique is based on irradiating a film with accelerated heavy ions, and subsequent chemical etching of the irradiated sample. The number of heavy ions corresponds to the number of fabricated pores. The technique has been used for membrane production for more than four decades (32) ; however, most of track-etched membranes are made in polymer films with thicknesses of at least several micrometers (16) . In contrast, the ITE SiN membranes reported here have thicknesses of ϳ100 nm, and the pore diameter can be made as small as 1 nm. The membranes can also withstand very harsh chemical conditions not tolerated by polymer membranes, such as piranha treatment (a heated mixture of H 2 SO 4 and H 2 O 2 ) and high temperatures. The ultrathin nanoporous SiN membranes presented here provide excellent separation capability based on electric charge and size of the permeate species. We show that the well-known SiN surface chemistry provides a convenient starting point for chemical functionalization of the pore walls to tailor these separation capabilities. In addition, such membranes constitute an attractive platform for biosensing (33) . First, controlling the number of swift heavy ions that are used in the irradiation directly controls the number of pores. Single-ion irradiation available at the GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany, allows the preparation of single pore membranes (34) . Second, the conical and double conical shapes of the pores with tunable opening angles, together with the ultrathin character of these membranes (free standing SiN membranes with 20-nm thickness are routinely fabricated by common microfabrication techniques), offer a versatile platform for biomolecule translocation and separation experiments, such as single-molecule DNA analysis (7) (8) (9) .
Results and Discussion
Nanopore Shapes and Fabrication. The fabrication procedure starts with preparation of SiN freestanding films, as has been well documented previously (e.g., for TEM windows) (35) . The SiN films used in this study had an initial thickness of 300 nm. The films were then irradiated with energetic heavy ions (Bi or Xe) of total kinetic energy in the GeV range, which led to formation of damaged tracks (Fig. 1) . Formation of damaged tracks in SiN upon Bi irradiation has been previously confirmed by TEM studies (36) . We found that the damaged tracks in SiN films could be chemically developed to nanopores of specific shapes, depending on the etchant and etching arrangement used. As an example we present the fabrication of conical and double-conical nanopores using concentrated H 3 PO 4 and HF as the etchants (Fig. 1) .
Etching time is the main parameter that controls the pore radius and also influences the membrane thickness. Examples in Fig. 2 A and B show SEM images of conically shaped nanopores prepared by etching a 300-nm-thick SiN film, which had been previously irradiated with 10 9 Bi ions per cm 2 . The irradiated film was placed at the bottom of a beaker filled with 150°C concentrated H 3 PO 4 so that the etchant had a free access only to one side of the SiN film (Fig. 1 A) . This asymmetric etching led to the formation of conical pores. Only the large openings, referred to as the bases, of the pores are shown, because few-nanometer diameter small openings, or tips, cannot be unambiguously resolved by SEM. Fig. 2C shows the base radii distributions obtained by analyzing SEM images of membranes etched in H 3 PO 4 for various times between 20 and 50 min. It should be noted that the limiting diameter of such membranes, and thus their molecular mass cut off, is determined by the tip opening of the conical pores, not by the base radius. Narrow distributions of base radii shown in Fig. 2C suggest that the distributions of tip openings should be correspondingly tight.
Conical nanopores are formed due to the competition of two etching rates: g, the nonspecific etching rate of the bulk material, and v, the etching rate along the damaged track. The base radius, A, can be then expressed in terms of those two unknowns and the etching time t as (31): To confirm the conical shape of SiN nanopores, cross-sections of the membranes were studied by SEM. Fig. 3 A and B shows cross-sections of membranes prepared by chemical etching of Bi-irradiated SiN films. The opening angle (␣) of the conical pores was determined to be ϳ23°, and this value was independent of the etching time. The angle was independently confirmed by TEM. The relation ␣ ϭ arcsin(g/v) estimates the ratio of the two etching rates, g/v ϳ0.39. The bulk material etching rate (g) was also estimated from SEM images by measuring changes of the film thickness with etching time. Values of g for our etching conditions were g ϭ 1.5 Ϯ 0.2 nm/min, which is in good agreement with the values reported earlier (37) . From the opening angle, the etching rate along the track v was then estimated to be v ϳ4.0 nm/min, approximately three times faster than the bulk etching rate. The ITE technique applied for SiN films is thus best suited for preparation of thin membranes with thicknesses up to several hundreds nanometers. It is also possible to prepare pores in thicker films; however, the much longer etching times required to open the pores will lead to very large and potentially overlapping base openings.
Overlapping pores can also be created already at the heavy ion irradiation step in which two or even more energetic ions might hit the membrane very close to each other (38) . For the irradiation density of 10 9 ions per cm 2 and pores with a diameter of 35 nm (it is a significantly larger diameter than the one used for the separation experiments, see below), the probability for a pore to overlap with another pore is low, Ϸ3.8%, whereas the probability of triple overlapping pores is only Ϸ0.14% (38) . We therefore expect that these double and triple pores will not significantly change separation capabilities of the membranes. Overlapping of pores on the side with the big pore openings will not influence separation properties either, because the separation is determined only by the tip region of the pores. Fig. 3A shows that the pore tip openings in our SiN membranes are slightly f lared, which is likely due to our etching set-up. The films were lying f lat in a beaker, pore tip side down, without any sealant to prevent etchant getting underneath. As a result, etchant access was only partially blocked, leading to a small but nonzero etching rate on the tip side. It should also be noted that the etching progress can easily be monitored by the naked eye as changes in the thicknessdependent interference color of the membrane support. Direct monitoring of nanopore formation will be achieved in future using a feedback circuit based on the transpore current, as is routinely done with polymer membranes (39) .
Fabrication of double-conical nanopores in SiN films irradiated with Bi ions was also demonstrated (Fig. 3C) by suspending them in a solution of H 3 PO 4 so that the etching solution had free access to both sides of the membrane (Fig. 1B) . The opening angle ␣ of the double conical nanopores is similar to that observed for conical pores (ϳ23°).
It is well known that lighter ions produce much less damage in an irradiated material compared with heavier ions (31) . To test the effect of lighter ions on pore formation, 300-nm-thick SiN films were irradiated with energetic Xe ions. We found that the etching rate along the track is significantly lower for Xe-irradiated compared with Bi-irradiated films. For example, Bi-irradiated films etched for 50 min had pores ϳ50-nm radius (Fig. 2D) , whereas Xe-irradiated films etched for the same duration had pores Ͻ15-nm radius. Consequently, pores obtained by Xe irradiation had a lower final length, and a larger opening angle of ␣ ϳ50°(see Figs. S1-S6) . Thus, the ratio g/v for Xeirradiated membranes is 0.77, compared with 0.39 for Bi ions. Fig. 3D compares TEM images of a pore prepared by ITE and a pore obtained by drilling with the TEM e-beam (30) . The conical shape of the nanopore fabricated by the ITE approach is responsible for the distinct halo around the opening, whereas such halo is absent for the TEM drilled pore. This conical pore shape can be advantageous in single molecule experiments such as nanopore-based DNA analysis. Its shorter effective length allows a higher signal-to-noise ratio due to increased ion currents and higher resolution (7-9).
Application of ITE SiN Membranes in Separation Processes. Separation of charged molecules. As a result of the fabrication process (irradiation and etching), the membrane surface and pore walls are covered with silanol groups similar to those at silica surfaces. For SiN, the point of zero charge depends greatly on the method of preparation and the stoichiometry of the material (40) . We have found that the surface of our ITE SiN membranes is heavily negatively charged (i.e., the Si-OH groups are deprotonated) at least for pH Ͼ 5. SiN membranes prepared by the ITE technique are therefore useful for separation of molecules by charge, which we tested by performing separation experiments with two oppositely charged fluorescent dyes: rhodamine 123 (MW ϳ 400, charge: ϩ1), and Alexa Fluor 568 (MW ϳ 800, charge: Ϫ3). Due to the negatively charged silanol groups, the negatively charged dye (Alexa Fluor) should be excluded from the pores by electrostatic forces (16, 41, 42) . As a consequence, only the positive dye (rhodamine) was expected to pass through the membrane. To study the passage of the fluorophores through ITE SiN membranes, we adopted a simple and effective approach proposed by Striemer et al. (25) Briefly, the fluorophores' permeation was imaged by a confocal fluorescent microscope focused on the membrane edge, to record the diffusion of permeant fluorophores away from the membrane, perpendicular to its surface. The fluorescence signal was normalized by the intensity directly over the membrane, i.e., the feed solution. This normalized signal gives unambiguous information about the relative fluxes of different species through the membrane. Details of the experimental set-up can be found in Figs. S1-S6. SiN membranes used in the permeation experiments were obtained by etching irradiated films in H 3 PO 4 for 40 min. According to our SEM studies of the membrane cross-sections, as well as fluorescence transport experiments, 40 min corresponds to the mean time that is needed to etch through heavy ion tracks in 300-nm-thick SiN films. Based on transport properties of the membranes, it is safe to estimate that the tip opening of the pores was Ͻ10 nm. Fig. 4 summarizes the permeation experiments performed with Alexa and rhodamine. It is clear that the initial and the final frames for the Alexa dye permeation (Fig. 4A ) are almost identical, i.e., there is no fluorescence signal spreading over the membrane support in the course of 4 min. This observation confirms that the membrane indeed does not allow the negative dye to pass through. In contrast, positively charged rhodamine freely diffuses through the membrane forming a bright fluorescence image (Fig. 4B) . Animations showing the 4-min time course of the diffusion experiments are included in Movies S1-S5. Fig. 4C summarizes the permeation kinetics for each dye. The fluorescence intensity was measured at a position 50 m away from the membrane edge and subsequently normalized to the intensity at the middle of the membrane in the first frame. Fig. 4D shows cross sections of the final frames for the Alexa and rhodamine permeation experiments (Fig. 4 A and B Right) . The zero fluorescence signal for the Alexa case confirms that SiN membranes can separate ionic species based on their charge. The silanol groups present on the membrane surface and pore walls can be modified with silanes to introduce desired chemical functionalities. To provide further confirmation of the electrostatic character of the Alexa/rhodamine separation, we modified the SiN membranes with silanes containing amine groups (Fig.  5) . As a result, at pH Ͻ 9, a positively charged membrane was obtained, which was expected to exhibit reversed selectivity, i.e., transport a negative dye and block a positive dye. Comparing the cross-section of the two fluorescence images shown in Fig. 5 A and B indicates that the flux of the negative species (Alexa Fluor 568) was indeed significantly increased compared with the unmodified membranes. The aminated membrane, however, became almost nonselective, i.e., the fluxes of rhodamine and Alexa are the same. To understand the results one has to consider electrostatic interactions between a charged pore and two fluorescent probes that carry different charges both in magnitude and sign. Fig. 4 shows that when Alexa carrying Ϫ3e charge is a co-ion in a negatively charged pore, the pore rejects the dye very effectively, and transports only the positively charged rhodamine that carries ϩ1e charge. If the Alexa acts as a counterion, as it is the case in a positively charged pore, the nanochannel selectivity toward either dye, i.e., rhodamine or Alexa can drastically decrease. It is because the more charged counterion screens the surface charges over a shorter distance compared with monovalent species resulting in overall weaker ability of a pore to distinguish between positive and negative species. As a further support of this hypothesis, we performed modeling of ionic concentrations and electric potential inside a charged nanopore using the Poisson-Nernst-Planck equations. The modeling was performed for an 8 nm in diameter cylindrical nanopore with either positive or negative surface charges in contact with 3:1 electrolyte (see Figs. S1-S6 ). The electric potential in the pore is indeed lower when the pore is in contact with polyvalent counterions. It is also important to note that the concentrations of fluorescent probes are much lower than the concentration of the supporting electrolyte, which further complicates the description of the problem. Another factor which can account for weaker separation properties of aminated membranes is an incomplete silanization process, which would result in lower positive surface charge densities compared with the starting hydroxyl group densities.
The ionic strength of the electrolyte solution in the charged pores influences the screening length of the surface charges and consequently the ionic concentration profiles inside the nanopores (42) . A high salt concentration screens surface charge over much shorter lengths; therefore, increasing the ionic strength of the supporting electrolyte was expected to decrease the electrostatically-derived selectivity of the membranes toward Alexa and rhodamine. Fig. 5C shows the flux of Alexa dye through an unmodified (i.e., negatively charged) membrane in two solutions: (i) a low ionic strength solution of 1 mM MES, and (ii) a higher ionic strength solution of 1 mM MES and 100 mM KCl. As expected, the flux of the negatively charged Alexa dye is significantly increased in the higher ionic strength medium, which provides further evidence for the electrostatic mechanism for the selectivity of the membrane. It should, however, be noted that, for smaller etching times, our membranes exhibited finite selectivity toward the cationic dye even in a solution of 1 M KCl, in which the screening length is ϳ0.3 nm (see Figs. S1-S6 ). This observation supports the nanometer size of our pores. Separation by size. To demonstrate the size separation capabilities of our membranes, we also performed permeation experiments with proteins of different sizes (Fig. 6) . We used BSA (molecular mass of 67 kDa), labeled with Alexa Fluor 488, and IgG (molecular mass of 150 kDa), labeled with Alexa Fluor 680. To reduce the electrostatic influence of the membrane surface charge, as well as charges on the proteins on the separation process, the experiments were performed in high ionic strength conditions of 0.5 M KCl buffered with MES to pH 5.5. 0.5 M KCl screens all of the charges very effectively so that the influence of isoelectric point of the proteins on the final separation outcome was minimized. Even though BSA and IgG have diffusion coefficients that differ by no more than 40%, fluxes of these proteins through our membrane were found different by more than three times, thus confirming that our membranes are also well-suited for size-based separation processes. The protein fluxes in 0.5 M KCl were also compared with the transmembrane transport of the Alexa dye. A high flux of the negatively charged Alexa through the negatively charged SiN membranes indicates that the effect of charges on the separation process was indeed negligible.
Conclusions
We have presented here ultrathin freestanding SiN membranes with fully-controlled porosity, pore geometry, and pore surface chemistry. Porosity can be tuned from one to billions of pores per square centimeter. In contrast, existing techniques either drill pores one by one, or produce only extremely porous membranes. The fabrication method presented here is based on the tracketching technique where the number of pores is given by the number of irradiating ions, whereas the pore shape is controlled by the chemical etching step. The presented and previously undescribed track-etched SiN membranes feature excellent selectivity in filtration processes, based on the permeate charge and size. Negatively charged membranes distinguish between the positively-charged rhodamine dye and the negative Alexa fluorophore, so that only the positive molecule is transported. The membranes also act as molecular sieves, selecting the smaller BSA over the larger IgG protein.
The ITE technique allows for fabrication of thin membranes not only in SiN but also in other inorganic materials, for example, SiO 2 (43) . Tuning the etching conditions is expected to result in other pore geometries (e.g., cylindrical, cigar-shaped, etc.). The next step will be to improve the membrane fabrication process by introducing a controlled etching system (39), which is especially crucial for preparation of single-pore membranes. SiN membranes with controlled porosity will find various applications in sensing, filtration, separation, and dialysis processes, both on the laboratory and industrial scales. The application spectrum can be enhanced by chemical functionalization and immobilization of recognition agents (e.g., DNA and proteins). Contributing to the efforts to miniaturize biotechnological devices, our SiN membranes enable the development of more complex nanofluidic systems and ionic circuits.
Methods
Fabrication of Membranes. The membrane arrays were fabricated on a 100-mm diameter ϫ 500-m ͗100͘ Si wafer with a 300-nm SiN film deposited by the low-pressure chemical vapor deposition process. The film was patterned using standard photolithographic techniques and subjected to heavy ion irradiation at the Flerov Laboratory of Nuclear Reactions (Dubna, Russia). Irradiations with 0.71-GeV Bi ions and 170 MeV Xe ions were performed in the U-400 and the IC-100 cyclotrons, respectively. SiN wafers were exposed to 10 8 and 10 9 ions per cm 2 . Energy losses of the ions in SiN were calculated using the stopping and range of ions in matter (SRIM) code (see www.srim.org) and were equal to 36 MeV/m (for Bi) and 22 MeV/m (for Xe). The pores were developed by etching the irradiated SiN films in concentrated H3PO4 heated to 150°C on a hot plate. In addition, chemical etching in HF was performed, which also resulted in the formation of pores (see Figs. S1-S6 ).
Chemical Modification with Silanes. SiN membranes were thoroughly washed in deionized water and immersed in the modification solution of 1% silane prepared in pure ethanol and 5% deionized water. Two silanes containing amine groups were used: (3-aminopropyl)trimethoxysilane or [3-(2-aminoethylamino)propyl]trimethoxysilane) (Fig. 5 ). Both these chemicals resulted in positively charged membranes. We also performed a successful silanization reaction using 2% silane in pure toluene. All these membranes showed similar results in the fluorescence permeation experiments. The silanization reactions were performed for 1 h followed by rinsing in a solvent and 1-3-h baking at 120°C on a hot plate.
Fluorescence Measurements. Alexa Fluor 568, rhodamine 123, BSA labeled with Alexa Fluor 488 (labeling efficiency 1:7), and IgG labeled with Alexa Fluor 680 (labeling efficiency 1:4) were purchased from Pierce. Before the permeation experiments, the succinimidyl group in Alexa Fluor 568 dye was hydrolyzed by keeping a water solution of the Alexa dye for over a week at room temperature or by reaction with ␥-aminobutyric acid (Aldrich). The hydrolysis and reaction with ␥-aminobutyric acid resulted in the formation of a negatively charged carboxyl group; 30 M solutions of Alexa and rhodamine in 1 mM MES pH 5.5 buffer were used in the separation experiments. The ionic strength of the solutions was controlled by addition of corresponding amounts of KCl. The experiments with proteins were performed in 1 mM MES, 500 mM KCl, pH 5.5 buffer as a supporting electrolyte. The solution contained 50 ⌴ Alexa Fluor 568, 7 ⌴ BSA, and 2 M IgG. Different labeling efficiencies and concentrations of the proteins did not influence the quantitative results of the permeation experiments (Fig. 6B) , because the fluorescence intensity was normalized to the intensity of the feed solution, as imaged and measured in the middle of the membrane. The fluorescent experiments were performed using an Olympus Fluoview FV1000 confocal microscope. Mixtures of fluorophores were imaged simultaneously using several channels of the microscope. Fluorescent experiments with dye molecules and proteins were performed with membranes, which were irradiated with 10 8 and 10 9 ions per cm 2 , respectively. The selectivity experiments were performed with membranes etched in H3PO4, at 150°C for 40 min.
SEM and TEM Images. SEM images were obtained using a Zeiss Ultra Plus microscope. All images except for the images of cross-sections were recorded after a thin layer (1-2 nm) of Ir had been sputtered on the membranes. The pore shown in Fig. 3D was drilled and its TEM image captured using JEOL 2010F field-emission TEM operating at 200 kV. 
